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20.  ABSTRACT. 

All  specimens  were  subjected  to  cyclic  tension  loading  at  -65°F  “induce 
typical  topcoat  cracks  around  fasteners  followed  by  one  week  of  10« 
humidity  at  12QOF  and  four  weeks  of  exfoliation  salt  spray  at  120  F. 
Visual  observations  were  made  and  Joint  strength  degradation  determined. 

It  was  concluded  that  graphlte/epoxy-aluminum  and  titanlim  Interface 
areas  demanded  careful  corrosion  protection. 
anr.  techniques  were  adequate.  The  Joint  strength  of  the 
were  not  degraded  by  exposure  to  a corrosive  environment,  with  the  excep 
tlon  of  one  adhesively  bonded  specimen. 
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Materials,"  Task  No.  734007,  "Coatings  for  Energy  Utilization,  Control 
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SUMMARY 


Graphite/epoxy  composite  materials  exhibit  electropotentials  similar  to  noble 
metals.  Joints  between  bare  grai^lte/epoxy  and  aluminum  alloys  have  been 
shown  to  promote  corrosion  of  the  aluminum.  A test  program  was  conducted  to 
evaluate  various  corrosion  protection  systems  for  use  on  grai^ite/epoxy-alumlnum 
and  graphlte/epoxy-tltanlum  joints. 

Forty-eight  lapped  plate  joint  specimens  were  made  using  Type  AS-3501  graphite/ 
epoxy  and  2024- T81  aluminum  alloy.  The  six  fasteners  per  specimen  were  counter- 
sunk machine  screws  prepared  from  aluminum,  cadmium-plated  steel,  and  titanium. 
Similar  joint  specimens  were  bonded  using  3M  AF143  adhesive  cured  at  350“F.  The 
joint  specimens  were  prepared  In  duplicate  and  protected  with  six  corrosion  protec- 
tion systems  Including  epoxy  polyamide  primer  (MIL-P-23377C),  inhibited  polysulfide 
sealant,  and  a linear  polyurethane  topcoat. 

All  specimens  were  subjected  to  cyclic  tension  loading  at  -65*F  to  Induce  typical  top- 
coat cracks  around  fasteners.  One  of  each  pair  of  specimens  was  then  subjected  to 
one  week  of  humidity  at  120*  F and  four  weeks  of  exfoliation  salt  spray  at  120*  F, 

Visual  observations  were  made  and  joint  strength  degradation  noted  for  each  con- 
figuration. No  strength  degradation  occurred  because  of  corrosion  and»  in  general^ 
attack  observed  visually  was  slight.  Corrosion  was  no  worse  than  that  noted  (m 
aluminum-aluminum  control  specimens  when  protected  only  with  the  standard 
organic  coating  system.  However,  (me  conventionally  protected  adhesive-bonded 
specimen  did  have  Interface  attack,  and  a more  sophisticated  protection  system 
Is  indicated. 

Similarly,  24  lappad  plate  joint  specimens  were  prepared  using  lype  AS-3501  graphite/ 
epoxy  and  T1-6A1-4V  alloy.  The  six  fasteners  per  specimen  consisted  of  countersunk 
machine  screws  prepared  from  titanium  and  CRES  A286.  The  3M  AF143  adhesive 
system  was  also  used.  Four  protection  systems  were  tested.  Exposure  and  testing 
were  Identical  to  that  described  for  the  graphite /epoxy-alumlnum  joint  specimens, 
and  again  no  joint  degradaticxi  occurred.  The  only  visual  corrosion  consisted 
of  significant  red  rust  corrosion  of  the  GRES  A286  fasteners.  Even  coated  CRES 
fosteners  were  attacked  If  cracks  were  present.  No  structural  damage  was  ap- 
parent on  the  CRES  fasteners,  but  staining  of  the  specimen  was  extensive.  No 
attack  of  the  titanium  listeners  or  the  adhesive  system  was  noted. 

It  is  concluded  that  graphite/epoxy-alumlnum  and  titanium  interface  areas  demand 
careful  corrosion  protection,  but  conventional  sealing  and  surface  coating  materials 
and  techniques  are  adequate.  The  element  test  data  accumulated  indicates  that  future 
work  should  be  done  with  more  complex  structures  at  the  component  level. 
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SECTION  1 
INTRODUCTION 

Graphite /epoxy  material  technology,  with  Its  strength-to-welght  and  stiffness  advantages, 
has  advanced  to  the  point  where  It  promises  considerable  Impact  on  aerospace  structures. 
Certain  shortcomings,  however,  are  evident  that  must  be  further  Identified  and  evaluated. 
One  Is  possible  corrosive  effects  to  fasteners  and  adjacent  structure  fabricated  of  other 
materials. 

Graphite /epoxy  composites  can  ordinarily  be  considered  highly  Inert,  corrosion- 
resistant  materials.  This  Is  true  when  they  are  Joined  to  themselves  or  to  other  Inert 
materials.  Unfortunately,  when  joined  to  many  structural  metals,  they  act  like  highly 
noble  metals  and  promote  corrosion  of  the  less  noble  metals.  When  coupled  with  alumi- 
num, for  example,  the  potential  difference  can  be  more  than  one  volt  - enough  driving 
force  to  cause  considerable  corrosion  of  the  anodic  aluminum. 

The  most  critical  area  of  an  aircraft  exterior  finish  system  Is  around  fostener  areas. 
These  ar  eas  are  precisely  where  graphite/ epoxy  might  be  in  contact  with  dissimilar 
metals  In  the  form  of  structural  members  and  fasteners.  Past  esqperlence  has  shown 
that  finish  systems  for  these  areas  must  be  exceptionally  good  to  prevent  serious  cor- 
rosion when  conventional  aircraft  materials  are  used  (Reference  1).  The  performance 
of  these  current  protection  systems  with  graphlte/epoxy,  however,  may  not  be  good 
enough  due  to  the  noble-metal  characteristics  of  graphlte/epoxy. 

Several  approaches  could  offer  better  corrosion  protection.  These  Include  insulation, 
protecti«i  from  moisture,  use  of  corrosion  inhibitors,  graded  galvanic  protection,  and 
reduction  of  cathode  area.  The  objective  of  this  Investigation  was  to  evaluate  corrosion 
protection  systems  representing  several  of  these  approaches  along  with  the  conventional 
protectlcm  system  to  determine  tiie  magnitude  of  the  graphlte/epoxy  metal  Interface 
problem.  If  the  problem  proved  formidable,  the  study  was  to  recommend  possible 
directions  for  fiiture  work. 
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SECTION  2 
SPECIMEN  DESIGN 


2.1  STRUCTURAL 

The  objective  of  this  test  program  was  to  determine  environmental  effects  on  the 
strength  of  joints  connecting  graj^lte /epoxy  composite  material  to  metal  structure. 

The  joints  are,  therefore,  sized  to  be  critical  at  the  interface  between  the  composite 
and  the  metal.  In  the  case  of  mechanical  attachments,  the  joints  are  sized  to  be 
critical  In  bearing  and  fastener  shear.  For  bonded  joints,  the  joints  are  to  be  critical 
In  bond  shear. 

Due  to  tJ'e  wide  scatter  In  bearing  strengths  of  grai^lte/epoJQr,  bearing  stresses  are 
calculated  simply  as  fbr  = P/Dt,  which  Is  consistent  with  the  bearing  design  strengths 
reported  In  the  Design  Guide  for  Advanced  Composites  (Reference  2).  Fastener  single 
shear  strengths  are  as  reported  In  MIL-HDBK-5B.  Shear  distribution  among  the  fas- 
teners Is  assumed  uniform,  ^eclmen  geometry  and  materials  are  shown  In  Table  1. 

The  three  fasteners  for  the  graphlte/epoxy-alumlnum  panels  are  aluminum,  cadmium- 
plated  steel,  and  titanium.  They  are  reasonable  candidates  for  the  graphlte/epoJQr- 
alumUmm  joints  since  they  are  all  galvanically  compatible  with  the  aluminum  and  with 
protection  may  be  good  with  the  graphite /epoxy.  Aluminum  and  cadmium-plated  steel 
are  Inexpensive  and,  therefore.  It  would  be  beneficial  to  know  If  they  could  be  used 
with  an  adequate  corrosion  protection  system.  Titanium  would  be  the  best  fastener 
selection  since  It  Is  close  to  graphite /epoxy  galvanically  and  Is  cathodic  to  aluminum. 

It  also  has  a good  strength  to  weight  ratio. 

The  two  listeners  for  the  graphite /epoxy-tltanlum  joints  were  titanium  and  CRES  A286. 
Because  of  the  relatively  high  strength  of  titanium  and  grai*lte/epo3or,  high-strength 
fasteners  are  Indicated.  Aluminum  fasteners  have  too  low  a shear  strength  to  be  used 
efficiently  and  are  also  anodic  to  both  titanium  and  graphite /epoxy.  Therefore,  as  a 
fastener,  aluminum  would  be  highly  subject  to  galvanic  attack,  accentuated  by  an  un- 
favorable anode-to-cathode  ratio.  Cadmium-plated  steel  Is  also  unsuitable  because  the 
cadmium  causes  embrittlement  of  titanium  alloys  at  devated  temperatures.  Titanium 
fasteners  are  excellent  because  they  have  a noble  dectropotentlal,  in  the  same  region 
as  graphlte/epoxy,  aid  they  have  a good  strength-to-welght  ratio.  Another  compatible 
fastener  would  be  CRES  A286  ->  an  Iron  base  alloy. 

The  fasteners  are  flush,  100-degree  head  machine  screws.  The  flush  head  was  selected 
as  typical  of  exterior  constructlcxi  where  exposure  Is  most  severe.  A small  (No.  6) 
diameter  was  selected  as  being  most  probable  of  showing  measurable  reductions  In 
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NOTES: 

1.  G = AS/3501  graphite/epoxy 
A = 2024- T81  aluminum  alloy 
T = T1-6AI-4V  titanium  alloy 


2.  A = 3 X 6 X 0.040 
B = 3 X 6 X 0.060 
C = 3 X 6 X 0.080 
D = 3 X 6 X 0.100 
E = 3 X 6 X 0.120 
F = 3 X 6 X 0.150 


3.  A = 3 X 6.56  X 0.080  4.  A -j| 

B = 3 X 7.17  X 0.120  B 

C = 3 X 7.27  X 0.120  C «1 

D = 3 X 7.17  X 0.160 
E = 3 X 7.17  X 0.200 
F = 3 X 7.27  X 0.240 
G = 3 X 7.27  X 0.303 
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Specimen  No.  


^4  5,6  7,8  9,10  11,12  13,1415,16  17,18  19,20  21,22  23,24  25,26  27,28  29.30  31,32  33,34  35,36  37,38  39,40  41,42  43,44  45,46  47,48 


6 6 6 6 


8 8 


Specimen  No. 


53,54  55,56  57,58  59,60  61,62  63,64  65,66  67,68  69,70  71,72  73,74  75,76  77,78  79,80  81,82  83,84  85,86 
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H B 


10  11  12 


H B 


B D 


3.  A = 3 X 6.56  X 0.080 
B = 3 X 7.17  X 0.120 
C = 3 X 7.27  X 0.120 
D = 3 X 7.17  X 0,160 
E = 3 X 7.17  X 0.200 
F = 3 X 7.27  X 0.240 
G = 3 X 7.27  X 0.303 


4.  A = Aluminum  alloy  (AN507DD1 

B = Cadmium  plated  steel  (NAS1151-6) 
C = Cres  A286  (NAS1151-E4) 

D = Titanium  alloy  (NAS1151-V4) 

E = 350*  F adhesive  (3M  AF-143) 


5.  A = Insulative  Lihibited  coating 
B = Insulative  plastic  barrier  film 
C = Insulative  inhibited  sealant 
D = Galvanic  control  metallic  film 
E = Galvanic  control  electroless  plating 
F = Insulative  anodic  coating 
G = Uncoated;  sealant  on  fasteners/joint 
H = Uncoated;  inhibitive  primer  on  bonded  joint 


strength  due  to  corrosion.  An  added  benefit  of  the  smaU  diameter  Is  that  It  Is  possible 
to  develop  the  shear  strength  of  the  higher-strength  fasteners  with  the  fairly  low  bear- 
ing strength  graphlte/epoxy.  The  fasteners  are  listed  In  Table  2. 

The  specimens  were  subjected  to  stress  analysis  to  determine  critical  sections,  to 
predict  ultimate  strengths,  and  to  set  fatigue  loading  levels.  All  specimen  were 
checked  for  fastener  shear,  fastener  bearing  ultimate,  fastener  bearing  yield,  net 
section  tension,  and  fixture  eccentricity. 

The  fatigue  spectrum  considered  was  represented  by  two  loading  blocks  comprising  160 
cycles  at  a peak  load  level  of  85  percent  of  the  predicted  ultimate  static  stoength  md 
50,000  cycles  at  a peak  load  level  of  45  percent  of  predicted  ultimate.  The  pe^  test 
loads  used  for  each  specimen  configuration  are  shown  In  Table  3. 
strength  was  found  to  be  critical  for  the  small  diameter  countersink  bolts  used  In  some 
joints.  Additionally,  some  of  the  test  fixtures  were  found  to  be  critical,  privations 
of  ultimate  strength  and  test  load  levels  for  one  graphlte/epoxy-alumlnum  joint  are 
presented  as  an  example  In  the  following  discussion. 


Table  2.  Fasteners 

Material 

2024  A1  Alloy  Steel  CRESA-286 


TI-6A1-4V 


Machine  Screws 
Finish 

Part  No. 


Anodized 


Cad.  Plated  Passivated  None 


AN507DD632R8*  NAS1151-6  NAS  1151E4  NAS  1151V4 


Head  Height  (In.)  0. 060/0. 051  0. 057  ref. 


Grip  (In.) 

Length  (In.) 

Fsu  (KS) 

Sln^e  Shear 
Strength  (lb) 

Nuts 

Finish 

Part  No. 


0. 125 
0. 500 


0. 057  ref. 


0. 057  ref. 


0.  376  *0.  010  0. 250  ±0. 010  0. 250  ifl.  010 

+0.000  0.651  *0.015  0. 526  iK).  015  0.626  *0.015 

-0. 020 


Height  (In.)  0. 115/0- 

Max.  Dla.  Base  0.244 
(In.) 

* Except  0.125  grip  from  top  of  head 


Cad.  Plated  Cad.  Plated  Silver  Plated  Cad.  Plated 

MS21042L06  MS21042L06  MS21043-06  MS21042L06 

0.115/0.141  0.116/0.141  0.116/0.141  0.115/0.141 


0.244 


to  start  thread. 


0.244 


0.244 
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Table  3.  CyoUo  Test  Loads  for  Joint  Specimens 


Test 

Fixture 

Fastener 

Load  for 

Load  for 

Material 

Material 

Material 

160  cycles  (lb) 

50000  cycles  (lb) 

graphite/epoxy 

Aluminum 

aluminum 

1850 

980 

Aluminum 

steel 

5860 

3100 

Aluminum 

titanium 

4680 

2480 

Aluminum 

adhesive 

1280 

680 

titanium 

titanium 

5130 

2710 

titanium 

stainless  steel 

5130 

2710 

titanium 

adhesive 

1510 

800 

aliimlniiTn 

Aluminum 

aluminum 

1850 

980 

Aluminum 

steel 

3690 

2100 

Aluminum 

titanium 

3120 

1650 

aluminum 

adhesive 

1280 

680 

titanium 

titanium 

4290 

2270 

titanium 

stainless  steel 

4290 

2270 

titanium 

adhesive 

1510 

800 

The  ultimate  static  strength  analysis  considered  a graphite /epoxy-aluminum  specimen 
with  steel  fasteners. 


0.15  IN. 


NAS-1151 -6(6) 


AS/3501 
G/E  [0/±  45] 


T 


O 


2024-T81  A1 


Sln^e  shear  strength  of  NAS  1151  bolt  = 1421  lb  (Ref.  MIL-HDBK-5B) 

Sheer  strength  of  bolts  = 1421  x 6 = 8526  lb 

Bearing  strength  In  graphite /epoxy  Is: 

Bearing  strength  of  NAS  1151  bolts  In  [0/i45]  graphlte/epoxy 

^BRU  = ^BRU®*“ 

Frru  [0/±45]  layup  = 77000  psl  (Ref.  Design  GuldOi  Figure  2.4.2-31) 
Prru  = 77000  X 0. 138  X 0. 15  "X  6 * 9563  lb 
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Tension  on  net  section  of  the  graphlte/epoa^  at  loaded  holes  Is: 

^TU 

P (allowable)  = — — (W-3D)t 

K.J,  = 3. 0 (Ref.  Design  Guide  Figure  2, 4, 2-7) 

F-pu  0±45  graphlte/epoxy  = 70000  psl 

P (allowable)  = (3, 0 - 3 x 0, 14)  0, 15  = 9030  lb 

U 


Tension  of  the  graphlte/epoxy  at  net  section  at  grips  Is: 

F 

P (allowable)  = (W  - 2D)  t = ^ ^ (3, 0 - 2 x 0,375)  0, 15  = 7875  lb 

Eccentric  axial  load  on  aluminum  net  section  at  the  Joint  Is  computed  by  assuming  some 
end  fixity  at  the  grips,  and  a reduced  eccentricity  (65%) : 

0, 65  X 0, 15  = 0, 098  Inch 

Axial  tension  stress  <m  net  '■ectlon  Is  then: 

f = E E = 2, 58  P 

t (W-3D)t  (3,0-3x0.14)0.15 

and  bending  stress  on  the  net  section  Is: 


6(Pe) 

(W-3D)t^ 


10. 13  P 

(3,0-3x0.14)  0, 15^ 


At  failure: 


where: 

Fpu  (2024-T81)  = 68,000  pel 
Fg=  1.4  Fpu 
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Therefore: 


U 


2.58P  ^ 10.  85 P 


68,000  1,4x68,000 


1.0 


(allowable) 


68 


= 6900  lb 


The  bearing  yield  of  fasteners  In  graphlte/epoxy  was  not  reasonably  available,  Con- 
sequenliy.  It  was  decided  to  use  data  In  MIL-HDBK-5B  as  a first  approximation.  Using 
Table  8, 1. 5. 2(a)  and  extrapolating  down  from  diameters  of  0, 250  and  0, 190  to  a diameter 
of  0, 138  and  Interpolating  between  thicknesses  of  0, 125  and  0, 160  yields: 


Pjjjy  = 1101  Ib/fastener  (t  = 0. 150,  D = 0. 138) 

Pyleid  = 6 X 1101  = 6606  lb 

In  summary,  allowable  loads  are  as  summarized  In  Table  4.  The  eccentrically 
loaded  nlnnitnmn  portion  of  the  specimen  Is  critical  at  6900  pounds.  For  high  stress 
load  cycles: 


^max  = 0. 85  PuLT  = 5860  lb 
Since  this  Is  less  than  bearing  yield.  It  Is  satisfactory. 
For  low  stress  load  cycles; 


Pmax  = 0-^5Pult  = 3100  1b 


Table  4.  Graphlte/Epoxy  Allowable  Loads 


Failure  Mode 

Allowable  Load 
(Pult) 

Bolt  Siear 

8526 

Bolt  Bearing  In  graphlte/epoxy 

9563 

Gr£q)hlte/epoxy  Tension  <hi  Net  Section  at  Joint 

9030 

Graphlte/epoxy  Tension  on  Net  Section  at  Grips 

7875 

Aluminum  Eccentrical  Axial  Load  at  Joint 

6900 

Bolt  Bearing  Yield  In  Graphlte/epoxy 

6608 

1 

1- 

I 


-.1 
' ^ 


Adhesive-bonded  specimens  are  Included  to  evaluate  the  effects  of  corrosion  due  to 
environment  on  Joint  strength.  Consequently,  the  specimens  are  sized  to  provide 
failure  In  the  joint  and  not  In  net  tension.  A 0. 5-lnch  overlap  has  been  selected  as 
typical  of  most  test  specimens. 

Significant  scatter  exists  In  the  fatigue  life  of  adhesive-bonded  joints.  To  ensure  no 
failures  during  fatigue  cycling,  a low  shear  allowable  of  1000  pel  was  assumed  for  the 
graphlte/epoxy  to  aluminum  joints.  The  graphlte/epoxy  to  titanium  Joints  have  less 
therm^  stress,  and  a higher  allowable  of  1180  was  selected.  The  overlap  area  Is 
1. 5 In  , This  gives  conservative  ultimate  strengths  of  1500  and  1770  pounds,  respectively. 

2.2  PROTECTION  SYSTEMS 


Corrosion-protection  systems  were  selected  on  the  basis  of  a representative  system 
for  each  of  several  general  concepts.  Tbese  concepts  were  taken  from  corrosion 
theory  and  Include:  1)  Insulation,  2)  moisture  exclusion,  3)  polarlzatlm  with  corrosion 
Inhibitors,  4)  low  cathode  area,  and  5)  graded  galvanic  joints.  Tables  5 and  6 and 
the  following  dls  jusslon  describe  the  protectioQ  systems  evaluated. 

2»  2. 1 CORROSION  PROTECTION  SYSTEM  NO,  1,  This  system  was  used  for  the 
aluminum-aluminum  couple  and  was  used  as  the  control  to  compare  joints  with  graphite/ 
epojty-alumlnum  couples.  It  represented  one  of  the  best  current  protection  systems  for 
aluminum  structures.  It  used  chemical  film  (MIL-C-5541B),  Inhibited  epm^  primer 
(MIL-P-23377C),  and  a typical  linear  polyurethane  topcoat.  Fasteners  were  primed 
with  epoxy  primer  and  iqq;dled  wet  with  unthlnned  epo:^  primer.  Bonded  specimens 
were  bonded  to  the  bare  solvent  cleaned  (MEK)  substrate  using  a corrosion-inhibited 
adhesive  primer  followed  hy  chemical  film,  epoxy  primer,  and  topcoat.  Butt  joints 
and  fastener  heads  were  sealed  with  corrosion-inhibited  polysulfide  sealant,  followed 
by  the  polyurethane  topcoat.  This  system  d^nded  on  a combination  of  Insulatton, 
Inhlblti  ja,  and  moisture  exclusion. 

2.2.2  rA>TROSION  PROTECTION  SYSTEM  NO.  2.  This  system  was  for  graphite/ 
epoxy-alumlnum  couples  and  represented  a slmjAe  system  very  similar  to  System  1, 
Corrosion-Inhibited  polysulfide  was  used  to  seal  the  butt  joints  and  fastener  heads. 

This  system  depended  on  Insulation  to  control  the  corrosion.  The  bonded  joints  are 
bare  substrates  primed  with  corrosion-inhibited  primer.  Sealant  Is  used  only  at  butt 
joint  and  fastener  heads.  If  successful,  this  system  would  be  one  of  the  simplest 
solutions. 

2. 2.3  CORROSION  PROTECTION  SYSTEM  NO,  3,  ^stem  3 was  used  for  graidilte/ 
epoxy-alumlnum  couples  and  made  use  of  an  Integrally  bonded  sheet  of  epoxy  fiber 
cloth  and  resin  (DuPont  Kevlar  49)  on  each  side  of  the  composite.  This  should  provide 
an  Insulator  to  protect  the  aluminum  fiom  the  graphite.  Discs  of  Kevlar  49  were 
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ConfigurkUon 


Aisembly  Processing 


Fasteners 


i Material  Material  Test  Material 


.Countersink  Washer  (^stem  7) 


Protection  Specimen 
System  Numbers 


il  1 1 


1 I 

s tf? 

I 


(Control) 


I • 


I I • 


(Control) 


-Spacer  (System  7) 


'Fixture 

Material 


Test  Material 


Install  fasteners  wet  with  epoxy  polyamide  primer 
(MIL-C-23377C). 

Polysultlde  sealant  (Products  Research  PR  1422Q)  In 
butt  joint  and  around  (astener  heads. 

Epoxy  polyamide  primer  (MIL-C-23377C)  on  washers 
and  nuts. 

Polyurethane  topcoat  (DeSoto  821-T209)  on  entire 
assembly. 


Chemical  conversion 
coating  (Alodine  1200S, 
MIL-C-5541B). 

Epoxy  polyamide  primsrf 
(MIL-C-23377C). 


I-- 


It 


Same  as  System  1. 


Epoxy  polyamide  primsr 
(MIL-C-233  7 7C). 


u 


Same  as  System  1 except  Install  fasteners  using 
Kevlar  49  countersink  washers. 


Interface  side  has  Kevll 
49  as  final  laminate.  .1 
Use  epoxy  polyamide  f 
primer  (M1L-C-23377C). 


Same  as  System  1 except: 

Install  fasteners  wet  with  PR  1422G  sealant  Instead  of 
with  epoxy  polyamide  primer  (MIL-C-23377C). 

Apply  polysulfide  faying  surface  sealant  (Products 
Research  PR  1431G)  to  Interface  area. 


Epoxy  polyamide  primer 
(MIL-C-23377C).  1 


Same  as  System  1. 


I Rond  4 -mil  1100-1118 
aluminum  foil  to  Inter- 
face area  using  llysol 
EA  934. 

Epoxy  polyamide 
primer  (\UL-C-23377C), 


Same  as  System  1. 


Apply  copper /elcctrolo 
I nickel  /nbdh  sides  of 
Interface  area. 

Epoxy  polyTimldc  prim* 
(hUL-C-23377C). 


Same  as  System  1 except  also: 

Place  an  aluminum  alloy  2024-T3  clad  spacer  Iwtween 
the  panels.  The  spacer  Is  processed  with  hard  anodize 
and  epoxy  polyamide  primer  (MIL-C-23377C). 

Install  fasteners  wet  with  epoxy  polyamide  primer  (MIL- 
P-23377C)  and  use  a hard  anodized  comterslnk  washir. 


Epoxv  [»>lyamlde  prlmt 
(MIL-r-23377C). 


Hlgh-tcmpcrature  sealant  (Tcledyne  Pro-seal  899B)  bi 
butt  joint  and  around  (astener  heads. 

Epox\’  polyamide  primer  (MIL-C-23377C)  on  washers 
and  nut-s. 


Same  as  System  8. 


Same  as  System  8 except  Install  fasteners  using  Kevlar  Interface  side  has  Kt 
49  countersink  washers.  49  as  final  laminate. 


Same  as  System  8 cxce[k  also: 

Install  fasteners  wet  with  epoxy  polyamide  primer 
(MIL-C-23377C) 

Use  polyurethane  topcoat  (DeSoto  821-T209)  on  test 
material  panel  only. 


Epoxy  polyamide  | 
(3UL-C-23377C). 


Same  as  System  8 exce{X  also: 

Install  fasteners  wet  with  epoxy  polyamide  primer 
(MIL-C-23377C). 

Use  polyurethane  topcoat  (DeSoto  821-T209)  on  both 
panels  (test  material  and  fixture  material). 


Epoxy  polyamide  [ 
(MIL-f’-23377C). 


Table  5.  Protectlai  Systems  Used  for  Speclmenfi  with  Machine-Screw  Fasteners 


1 Test  Material 

Fastener 

Fixture  Material 

RMmleal  eonveraion 
liatlrur  (Alodine  1200S, 
^-C-5541B). 

Ipoay  polyamide  primer 
^OL-C-23377C). 

Epoxy  polyamide  prlmer 
(MIL-C-23377C). 

Chemioal  conversion 
coating  (Alodine  1200S, 
MIL-C-5541B). 

Epoxy  polyamide  primer 
(MIL-C-23377C). 

^ay  polyamide  primer 
IKIL-C-23377C). 

> 

Same  aa  System  1, 

Same  aa  Syatem  1. 

aterface  side  has  Kevlar 
M aa  final  laminate, 

Use  epoxy-  polyamide 
krlmer  (MIL-C-23377C). 

Same  as  System  1, 

Same  a.  System  1. 

fe— — - ’ - 

Ipoxy  polyamide  primer 

(WL-C-23377C). 

11 

i 

Same  as  Syatem  1. 

Same  as  Syatem  1. 

1 

i 

liond  4-mil  1100-1118 
llumlnum  (oil  to  inU  r- 
Itce  area  uslm;  Hysol 
Da  834. 

Ipoxy  polyamide 
Irtmer  (M1L-C-23377C). 

Same  aa  Syatem  1, 

Sam  i as  System  1« 

j 

j^plv  popprr/electroloss 
lickel  on  both  sides  of 
Rterfacc  area, 
epoxy  polyamide  primer 
ML-C-23377C), 

h 

Same  as  System  1« 

Same  as  System  1« 

EpOJ^  polyamide  primer 
i<MlL-C-23377C). 

/ 

'i 

Same  aa  System  1, 

Same  as  System  1. 

None 

S 

i 

,4 

None 

None 

^ooe 

L 

N(hic 

None 

iMerface  side  has  Kevlar 
49  as  final  laminate. 

None 

None 

£pox>’  polyamide  primer 
(MIL-C-23377C). 

Ic' 

!S 

Epoxy  polyamide  primer 
(MIL-C-23377C). 

None 

lEpoiO’  polyamide  primer 
PUL-C-23377C). 

1 

Epoxy  polyamide  primer 
(MIL-C-23377C). 

Epoxy  polyamide  primer 
(MIL-C-23377C). 
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selmen 

Proteetion 

Specimen 

Proteetion 

Specimen 

Protection 

No. 

System 

No. 

System 

No. 

System 

1 

2 

21 

6 

54 

11 

2 

2 

22 

6 

55 

12 

3 

3 

23 

7 

56 

12 

4 

3 

24 

7 

57 

9 

5 

4 

25 

2 

58 

9 

6 

4 

26 

2 

59 

10 

7 

5 

27 

3 

60 

10 

8 

5 

28 

3 

61 

11 

9 

6 

29 

4 

62 

11 

10 

6 

30 

4 

63 

12 

11 

7 

31 

5 

64 

12 

12 

7 

32 

3 

73 

1 

13 

2 

33 

6 

74 

1 

14 

2 

34 

6 

75 

1 

15 

3 

35 

7 

76 

1 

16 

3 

36 

7 

77 

1 

17 

4 

49 

9 

78 

18 

4 

50* 

9 

81 

8 

19 

5 

51 

10 

82 

8 

20 

5 

52 

10 

83 

8 

53 

11 

84 

8 

■i-.. 


] 


'I 
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CoiulEuratlou 


Test 

Material 


Fixture 

Material 


(Control) 


(Control) 


Adhesive  bond  using  3M  Co,  AF143  adhesive. 
Chemical  conversion  coating  touchup 
(Alodine  1200S)  on  aluminum  portion. 
Epoxy-polyamide  primer  (MIL-F-23377C), 
Polysulfide  sealant  (Products  Research 
PR  1422  G)  In  butt  joint 
Polyurethane  topcoat  (DcSoto  821-T20  on 
entire  assembly. 


Same  as  System  1. 
Same  as  System  1. 


Same  as  System  1. 


Same  as  System  1 except  add  a 4-mll 
aluminum  alloy  foil  In  the  Interface  area 
using  3M  Co.  AF  143  adhesive. 

Same  as  System  1. 


Same  as  System  1 except  also  place  a 2024- 
T3  clad  aluminum  alloy  spacer  between  the 
panels.  The  spacer  Is  processed  with  hard 
anodize.  Bond  with  3M  Co.  AF  143  adhesive. 


Adhesive  bond  using  3M  Co,  AF  143  adhesive, 
Hlgh-temperature  sealant  (Teledync  Pro-senl 
899B).  


Same  as  System  8. 


oame  as  System  8. 


Same  as  System  8 except  also  use: 

Epoxy  polyamide  primer  (M1L-C-23377G)  on 
test  material  panel  only. 

Polyurethane  topcoat  (DcSoto  821-T209)  on 
test  material  panel  only. 


Same  as  System  8 except  also  use: 

Epoxy  polyamide  primer  (MIL-P-23377C) 
on  both  panels. 

Polyurethane  topcoat  (DeSoto  821-T209) 
on  entire  assembly. 


Detail  Processing 

Test  Material 

Fixture  Material 

Adhesive  pi’lmer  (Amerl- 

Adhesive  primer  (Amerl- 

can  Cyanamld  BR  127) 

can  Cyanamlde  BR  127) 

on  bond  Interface  area. 

1 

on  bond  Interface  area. 

j 

None 

Same  as  System  1. 

Interface  side  has  Kevlar 

Same  as  System  1. 

49  as  final  laminate.  j 

None  j 

Same  as  System  1. 

None 

Same  as  System  1. 

Apply  eopper/electroless 

Same  as  System  1. 

nickel  on  both  sides  of 

Interface  area. 

None 

Same  as  System  1. 

None 

None 

None 

None 

Interface  side  has  Kevlar 

None 

49  as  final  laminate. 

None 

None 

None 

None 

( 


placed  In  the  countersink  areas  to  Insulate  the  fastener  heads.  Details  of  these  speci- 
mens were  prepared  and  assembled  like  system  No,  1,  using  chemical  fllmi  epoxy 
primer,  inhibited  sealant,  and  polyurethane  topcoat.  Bonded  specimens  had  bare  sub- 
strates and  corroslon-inhlMted  adhesive  primer.  This  system  emphacized  insulation 
as  a means  of  controlling  corrosion  between  dissimilar  materials. 

2. 2. 4 CORROSION  PROTECTION  SYSTEM  NO.  4.  This  system  was  used  for  graphite/ 
epoxy-aluminum  couples  and  represented  a system  very  similar  to  system  No,  1,  but 
with  the  addition  of  a corrosion-inhibited  polysulfide  sealant  applied  to  the  faying  sur- 
facer  and  to  the  fasteners  as  they  were  installed.  It  was  also  used  to  seal  the  butt  joints 
and  fastener  heads.  This  system  depended  cn  insulation,  corrosion  inhibition,  and 
polarizing  agents  to  control  corrosion.  The  bonded  joints  used  bare  substrates  primed 
with  corrosion-inhibited  adhesive  primer.  Sealant  was  used  only  at  the  butt  joint  on 
bonded  specimens. 

2. 2. 5 CORROSION  PROTECTION  SYSTEM  NO.  5.  This  system  was  based  on  bonding 
aluminum  foil  (4  mil)  to  the  graphlte/epoxy,  thus  creating  an  aluminum-aluminum 
"working"  joint,  which  should  respond  to  the  same  protectloi  systems  as  for  aluminum- 
aluminum  joints.  Details  and  fasteners  were  treated  in  the  same  maimer  as  system 
No,  1,  The  bonded  specimens  were  prepared  similar  to  system  No,  1,  This  system 
depended  on  changing  the  cathodic  side  of  the  joint  to  make  It  similar  to  the  anodic  side, 
thus  reducing  the  potential  difference. 

2. 2. 6 CORROSION  PROTECTION  SYSTEM  NO.  6.  This  system  depended  on  placing 
an  Intermediate  metal  in  the  galvanic  coiple  between  the  noble  graphite  and  the  anodic 
aluminum  to  reduce  the  overall  corrosive  effect.  The  graphite /epoity  was  electroidated 
with  copper  (pyroidiosphate)  followed  by  electroless  nickel  {dating.  Since  the  nickel  was 
still  somewhat  cathodic  to  the  aluminum,  the  additional  protection  of  system  No.  1 was 
also  apidled.  The  bonded  specimens  were  coated  with  corrosion-resistant  adhesive 
primer  before  bonding. 

2, 2.  7 CORROSION  PROTECTION  SYSTEM  NO.  7.  The  final  system  for  graphite/ 
epoi^-aluminum  consisted  of  a hard-anodlzed  spacer  that  provided  insulation  and 
abrasion  resistance  in  the  joint.  The  hard  anodized  material  consisted  of  2024-T3 
clad  aluminum  alloy  processed  to  a thickness  of  2 mils  and  sealed  with  5%  sodium 
dlchromate  solution  at  200*  F for  10  minutes.  Anodized  aluminum  discs  were  used 
In  each  countersunk  hole  for  the  same  purpose.  All  details,  including  the  shims, 
received  the  System  No.  1 coatings.  Bonding  was  also  the  same  as  System  No.  1. 

This  system  emphasizes  insulation  and  abrasion  resistance, 

2. 2. 8 CORROSION  PROTECTION  SYSTEM  NO,  8,  This  system,  for  titanium- 
titanium  specimens,  was  the  control  for  graphite /epoxy-tltanlum  couple  specimens. 
Since  little  corrosive  action  was  expected  between  titanium  and  titanium,  the  control 
specimen  was  left  bare.  A high-temperature,  corrosion-resistant  sealant  (Coast 
Proseal  899B)  was  used  to  All  the  butt  joint  and  fasteners. 
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2.2.9  CORROSION  PROTECTION  SYSTEM  NO.  9.  This  system  waa  for  the  first 
graphlte/epoxy-tltanlum  couple.  Since  little  corrosive  action  was  ejqwcto^  between 
graphlte/epoxy  and  titanium  due  to  little  difference  In  the  galvanic  series,  a minimum 
protection  was  expected  to  be  adequate.  It  was  Identical  to  System  No.  8. 

2. 2. 10  CORROSION  PROTECTION  SYSTEM  NO.  10.  This  system  Is  similar  to  Sys- 
tem No.  3,  and  uses  the  insulation  technique.  Epoxy  cloth  and  resin  (Kevlar  49)  were 
Integrally  bonded  to  the  graphlte/epoxy.  Kevlar  49  washers  were  used  under  the  heads 
of  all  fasteners.  Bonded  specimens  were  adhered  directly  to  the  bare  titanium. 

2. 2. 11  CORROSION  PROTECTION  SYSTEM  NO.  11.  This  system  used  finishes  for 
protectlixi.  Only  the  graphlte/epox:’  was  painted  with  epoxy  primer  and  polyurethane 
topcoat.  Fasteners  were  Installed  with  unthinned  epoxy  primer.  This  system  was 
based  on  restricting  the  area  of  the  cathode,  thus  resulting  In  a large  anode-to-cathode 
area  ratio. 

2. 2. 12  CORROSION  PROTECTION  SYSTEM  NO.  12.  This  system  assumed  that  the 
titanium  and  graphlte/epoxy  both  require  protection.  It  was  the  same  as  System  No.  11, 
except  that  both  the  graphlte/epoxy  and  titanium  received  epoxy  primer  and  polyurethane 
topcoat.  The  system  depended  on  a combination  of  Insulation,  Inhibition,  and  moisture 
exclusion. 
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SECTION  3 

SPECIMEN  PREPARATION 
3. 1 GRAPHITE /EPOXY  FABRICATION 

Approximately  16  pounds  of  AS/3501  prepreg  were  received  from  Hercules  Incorporated. 
Prepreg  properties  were  run  and  conformed  to  requirements  as  follows: 


Requirement 

Actual 

Fiber  strength,  ksl 

390  (minimum) 

414 

Fiber  modulus,  msl 

28  to  34 

32.3 

Resin  content,  % 

39  to  45 

42.1 

Volatiles,  % 

3 (maximum) 

0.92 

Flow 

15  to  25 

15.1 

The  matei'lal  had  good  drape  and  tack. 

A total  of  eight  graphlte/epoxy  panels  were  fabricated  from  this  prepreg.  Four  of  the 
panels  were  graphlte/epoxy  with  thicknesses  of  0. 040,  0. 060  , 0. 120,  and  0. 150  inch. 

The  remaining  four  were  Identical,  except  for  one  ply  of  Kevlar  49,  Style  181,  on  one 
side.  All  panels  consisted  of  0>  and  ±45’-degreo  plies  laid  up  symmetrically.  A total 
of  72  graj^te /epoxy  half-specimens  were  machined  from  these  eight  panels. 

The  fobrlcation  procedure  for  the  eight  panels  was: 

a.  Prepare  a clean  aluminum  base  plate  for  layup. 

b.  Put  down  one  layer  of  Teflon  film. 

c.  Stack  graphlte/epoxy  plies  In  the  desired  orientation. 

d.  Cover  with  a layer  of  Armalon  separator. 

e.  Place  bleeder  system  In  position  (1-ply  Style  120  cloth  for  every  4 piles  of  prepreg). 

f.  One  layer  Teflon  film. 

g.  Vent  system  (2  plies  181,  1 ply  1534  cloth). 

h.  Vacuum  bag. 

1.  Cure.  (Apply  a minimum  of  27  In.  Hg  vacuum.  Heat  at  2 to  3*F/minute  to  350*F. 
Apply  100  psl  autoclave  pressure  as  the  temperature  reaches  225*  F.  Hold  at  tem- 
perature for  one  hour.  Cool  below  150*  F before  removing  pressure. ) 


I 
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3.2  MACHINING 


Machining  of  the  aluminum  and  titanium  materials  was  accomplished  with  high  speed 
steel  cutters  on  a standard  milling  machine.  Industry-recommended  speeds  and  feeds 
were  used  throughout  the  sawing,  milling,  drilling,  and  countersinking  operation. 

The  graphlte/epoxy  material  was  sawed  to  length  using  a special  Convalr  large  diamond 
disc  composite  cutoff  saw.  The  saw  blade  used  Is  a 10-lnch  diameter,  46-grlt  diamond 
Impregnated  by  0.  OSO-lnch-thlck  and  run  at  a cutting  speed  of  5600  sfm  and  a feed  rate 
of  8 inches  per  minute.  A water-soluble  oil  was  was  used  as  a coolant. 

All  holes  In  the  graphlte/epoxy  material  were  drilled  on  a vertical  mill,  with  cobalt 
high-speed-steel  twist  drills  at  a drilling  speed  of  50  shn.  The  feed  rate  was  hand 
fed,  and  no  coolant  was  used.  Countersinking  operations  were  also  performed  on  the 
milling  machine  using  a diamond-plated  60/80  grit  countersink  at  a drilling  speed  of 
1500  sfm. 

3.3  PROCESSING 

Processing  details  and  sequences  for  all  joint  specimens  are  given  In  Tables  7 
through  9. 


Processins  Steps 


Identify  using  metal  stamps  (specimen  number). 

Hand  wipe  with  aliphatic  naphtha. 

Age  haixlen  2024-T3  aluminum  alloy  to  2024- T81  by  heatLig  '.o  365-385°  F for 
12  ± 1/2  hours. 

Clean  panels  using  methyl  ethyl  ketme- 

Apply  one  uniform  wet  cross-coat  of  epoxy  primer  to  a dry  fllm  thickness  of  0, 6-0,9 
mil.  Air  dry  one  hour. 

Apply  Alodlne  1200S  chemical  film  per  MOSl-02674  (MIL-C-5541B). 

Clean  bond  Interface  on  tltanluni  panel  using  IINO3-HF  per  MOS1-02801-008B, 

Clean  bend  Interface  on  aluminum  panel  using  FPL  solution. 

Apply  one  uniform  wet  cross-coat  of  epoxy  primer  to  a dry  film  U.Ickness  of  0. 6-0,9 
mil.  Air  dry  oue  hour. 

Apply  0, 2-0,4  ml  of  BR127  adhesive  primer  to  the  bond  interface  areas. 


Table  7.  Processing  of  Test  Fixture  Panels 


:n  number 


43,44  45,46  47,48 


49,50  51,52  53,54  55,56  57,58  59,60  61,62  63,64 


• • 


• • • 


Fasteners 


65,66  67,68  69,70  71,72 


Bonded 


73,74  75,76  77,78 


• • • • 


Fasteners 


Bonded 


• • • 


79,80 


81,82  33,84 


• • • 


• • 


Fasteners 


85,86 


• • 


Table  8.  Processing  of  Test 

Epoxy-Aluminum  Ai 

■ 

Specimen  f 

Processing  Steps 

,2  3,4  5,6  7,8  9,10  11,12  13,14  15,16  17,18  19,20  21,22  23,24  25J 

Identify  by  suitable  means  (specimen  number). 

Clean  panels  by  hand  wiping  with  methyl  ethyl  ketone. 

Apply  copper  electroplating  (pyrophosphate  t>’pe)  and  electroless  nickel  plating  to  the 
graphite  'epoxy-aluminum  Interface  area  (W  by  1. 5 In.length). 

, • 

Clean  liond  Interface  (rough  side)  on  graphite /epoxy  panel  using  Scotchbilte  and  MEK. 

, • 

Apply  one  uniform  wet  cross-coal  of  epox>'  primer  to  a dry  fUm  thlekncss  of  0.6-0,  y 
mil.  Air  dry  one  hour. 

,,,  ...ee 

Place  a hard  anodized  aluminum  panel  In  the  Interface  area  betwi'en  ihc  graphite /epoxy 
and  aluminum.  Install  hard  anodized  (W  by  1.5  In,  length)  aluminum  washers  under 
each  fastener.  First  coat  (ponds  only)  with  epoxy  primer  except  for  Specimens  47  & 48. 

• * -J 

Bond  4 mil  1100-H18  aluminum  foil  to  the  gruphluVcpfixy  faying  surface  using  KA934 
(W  l^  1,5  in,  length,  rough  side),  llysol  F,AUd4  (0-(»0096-5H). 

* * 1 

Apply  one  uniform  wet  cross-coat  of  epoxy  primer  to  a dr>  film  thickness  ol  0.6-0. 9 
mil.  Air  dry  one  hour. 

• • »| 

Clean  fasteners  by  washing  In  clean  aliphatic  naphtha.  Allow  to  dry.  Handle  with  eleiin 
white  cotton  gloves. 

* ‘ ’ 1 

Coat  fasteners  (head  and  shanks)  with  epoxy  pi  liner  to  api>lv  a thin  coating.  Ulot  off 
excess  on  head.  Air  dry  1 hour.  Accelerate  cure  liy  oxikisuvo  to  1511‘E  for  24  hours. 

Wear  clean  white  cotton  gloves.  Place  a layer  of  3M  Af  143  Uv[X'  so  lhal  a 1,  2-ltieh 
overlap  exists  on  the  two  panels  for  the  Joint  specimen.  Cure  .Tt  35  psi  ajul  doO  t 

for  60  mlmites. 

Apply  0.  2-0.4  ml  of  DH127  adhesive  primer  to  the  bond  Intel  laee  arcus. 

Bond  4 mil  1100-H18  aluminum  foil  to  the  graphlte/epoxy  faying  surface  using  EA'j:M 
(W  by  1.5  tn.  length,  rough  side),  llysol  EA934  (0-00n*)i;-5S). 

Wear  clean  white  cotton  gloves.  Place  a layer  of  2M  AFltS  lapi  su  lhal  a 1 2-Inch 
overlap  exists  on  the  Wo  panels  lot  the  Joint  s)-m  cinicn.  Cure  ,it  p-i  and  :i5t'*F 

for  60  minutes. 

Dip  fasteners  (head  and  shanks)  in  tnthliuu’d  epoxy  pi  Imci.  Blot  >ff  e.\cto!«  th  a (ollccls 
on  head.  Install  fasteners  and  wlpt  off  excess. 

,,  ,•••• 

InstaU  tttanlum  alloy  serevs  (NAS110i-f4)  In  holding  the  heiul  slaUimary  :uh1  UghU’niiig 
the  nut  with  a torque  wrench  to  a value  ol  y,  1-11,4  In,  -lb  over  the  prevailing  torque 
value  (PT).  PT  - 10  In, -lb,  max. 

\ 

Dtp  fasteners  In  PR1422G  sealant.  After  InstulluUon.  wipe  oil  excess.  Air  dry  1 hour. 
Heat  to  130*  F for  3 hours  to  accelerate  cun'. 

* * 1 

Prepare  washers  from  Kevlar  49  and  place  under  fasteners  prior  lo  Installation, 

* * 1 

Apply  PR1431G  to  faying  surface  of  ,olnt  specimen.  After  Installation  of  lastencrs, 
wipe  off  excess.  Cure  24  hours  at  75*  F foiiowed  by  4S  hours  at  130*1-, 

• • ! 

Install  Utanlum  aUoy  screws  (NAS1151-V4)  by  liuldlng  die  hca.l  staUonary  :uid  Ugliteiilng 
the  nut  with  a torque  wrench  to  a viluc  of  9,  1-11,4  In,  -Ih  iver  the  priwiilling  Imqiie 
value  (PT).  PT  ^ 10  In. -It),  max. 

Apply  touch-up  chromate  conversion  eoaUng  to  aluminum  only  per  MI)S1-»I2()74. 

Install  aluminum  alloy  screws  (AN507DD)  by  holding  the  head  stationary  iinJ  tightening 
the  nut  with  a torque  wrench  to  a value  of  1,  8-2,  5 In,  -lb  over  the  prevailing  torque 
value  (PT).  PT  = 10  In.  -lb,  max. 

• •••••  f 

Install  cadmium-plated  steel  screws  (NAS  115 1-6)  b>  holding  the  he-ad  slallonai-y  and 
tightening  the  nut  with  a torque  wrench  Uj  a val  ue  of  9, 1-1 1. 4 In,  -lb  ovc-r  the  prevailing 

torque  value  (PT),  PT  - 10  In, -1b,  max. 

Apply  one  uniform  wet  cross-coal  ol  epoxy  primer  Uj  a dry  film  thickness  of  0,6-0,  9 
mil.  Air  dry  one  hour. 

Fill  butt  Joint  gap  with  Pni422G  fillet  sealant.  Air  dry  1 lioiir.  Heat  U)  130*  F for 

i 

3 hours  to  accelerate  cure. 

I 

Fill  fastener  heads  with  PU1422G  fillet  sealant.  Air  dry  1 hour.  Heat  lo  I30*F  for 
3 hours  to  accelerate  cure. 

j 

Spray-apply  one  uniform  wet-tack  coat  of  topcoat.  Allow  to  dry  for  10  minutes  and 
follow  with  two  uniform  we"  cross-coats  to  a combined  total  topcoat  dry  film  thickness 
of  4 mils.  Allow  first  wet  cross-coat  to  dry  30  to  40  minutes  before  applying  second 

wet  crois-coat.  After  2-hour  air  dry  (minimum),  heat  to  140* F (or  24  hours. 

— 1 
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Table  8.  Processing  of  Test  Material  Panels  and  Graphite/ 
Epoxy-Aluminum  Assembled  Specimens 


specimen  No. 


Table  9.  Processing  of  Test  Material  Panels  and  GrajAlte/ 
EpoJiy-Tltanlum  Assembled  Specimens 


I 

L 


SECTION  4 

ENVIRONMENTAL  EXPOSURES 


i: 


4. 1 CYCLIC  TENSION  LOADING 


The  joint  specimens  were  subjected  to  cyclic  tension-fatigue  loading  at  -65®  F (R-+0. 1) 
In  the  facility  shown  In  Figure  1.  The  loads  used  are  discussed  In  Section  2. 1. 


L. 

II 

4 

; 
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4.2  HUMIDITY  TESTING 


The  humidity  test  is  described  by  Method  6201  of  Federal  Test  Method  Standard  No.  141a. 
The  cabinet  is  shown  in  Figure  2,  and  temperature  was  controlled  to  120“F.  This  en- 
vironment exposes  the  specimens  to  a molstur  e-saturated  atmosphere  at  controlled 
temperature  and  with  continuous  condensation. 


Figure  2.  Humidity  Cabinet 


4.  3 EXFOLIATION  SALT  SPRAY 

The  final  accelerated  corrosion  test  consisted  of  an  exfoliation  salt  spray  test.  This 
test  is  similar  to  the  standard  5 percent  salt  spray  (ASTM  B177)  except  it  is  cyclic. 

It  alternately  sprays  the  specimens,  allows  them  to  dry,  and  subjects  them  to  high 
relative  humidity.  The  salt  solution  is  acidified  with  acetic  acid  to  a pH  of  3.  0.  Tem- 
perature is  controlled  at  120°  F at  all  times.  A typical  cycle  consisted  of: 

a.  45  minute  spray. 

b.  2 -hour  dry  air  purge. 
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c.  3 hour  15  minute  soak  at  high  relative  humidity  (achieved  by  using  "wet  bottom" 
condition  in  the  chamber). 

Each  corrosion  test  specimen  was  exposed  to  this  environment  for  30  days.  They  were 
placed  into  the  chamber  at  an  angle  of  6 degrees  from  the  vertical.  The  test  is  an 
aggresive  salt  spray  test,  as  described  in  Reference  3.  Figure  3 shows  the  cabinet 
and  associated  control  equipment. 


-X 


'H  ^'4 


KM' 
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Figure  3.  Exfoliation  Salt  Spray  Cabinet 


4.  4 STATIC  FAILURE  LOADING 

Each  test  specimen  exposed  to  the  corrosion  test  had  an  identical  control  specimen 
that  was  exposed  to  cyclic  tension  loading  only.  After  tension  loading,  these  control 
specimens  were  loaded  to  failure  at  -65*1.  The  corrosion  test  specimens  were  failed 
in  an  identical  manner.  Table  13  shows  the  failure  loads  for  the  specimens. 
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SECTION  5 

FILM  PROPERTY  TESTS 


6.1  MECHANICAL 

One-half-inch  tensUe  specimens  of  paints  and  sealants  were  prepared  by  <^ting  ^ 
Teflon-coated  plates.  Ultimate  tensUe  strength  and  total  elongation  were  then  deter- 
mined for  each  material  at  -65T  (Table  10).  These  results  show  that  »ea!Mts  are 
capable  of  about  10  times  more  elongation  than  paint  films  at  -65T.  Ix>ads  used  In 
cyclic  testing  of  the  specimens  caused  cracks  at  the  fasteners  In  about  50  percent  of 
the  specimens,  which  means  that  local  strain  or  the  cyclic  action  of  te^g  wan  suffi- 
cient to  exceed  the  elongation  capabUlty  of  the  paint.  Since  the  u^erlylng  s^ant  had 
10  times  more  capabUlly  for  elongation,  It  probably  did  not  crack.  A paint  that  Is 
more  elastic  at  -65*  F is  needed  to  match  the  sealant. 

Based  on  the  low  loss  In  Joint  strength  and  the  good  visual  appearance  of  most  speci- 
mens after  exposure  to  the  rigorous  exfoUation  salt  spray  environment.  It  appews 
that  the  mechanical  properties  of  current  state-of-the-art  materials  are  ^equate  to 
provide  corrosion  protection  of  graphite /epoxy-alumlnum  and  titanium  Joints. 

Table  10.  Mechanical  Properties  of  Paints  and  Sealants  at  -65*  F 

Total 


Material 

No. 

Width  Thickness 
(In. ) (In. ) 

Area 

(ln2) 

Load 

ab) 

^tu  Elongation 
ab)  (In.  An. ) 

Paint  Film  Epoxy  Primer 

1 

0. 500 

0. 0043 

0.00215 

13.4 

6233 

2.07 

(Mti-P-23377C)  and 

2 

0.  500 

0.0041 

0. 00205 

14.3 

6976 

1.  85 

Polyurethane  Topcoat 
(DeSoto  821-T209) 

3 

0. 500 

0. 0040 

0.  00202 

12.1 

6050 

L70 

Polysulfide  Sealant 

1 

0.  500 

0. 0520 

0. 0260 

32.0 

1231 

9.0 

(Coast  Proseal  899B) 

2 

0.  500 

0. 0520 

0. 0260 

37.5 

1442 

14.8 

(Black) 

Polysulfide  Sealant 

1 

0.517 

0. 0680 

0. 0352 

46.1 

1310 

16.8 

(Products  Research 

2 

0.497 

0. 0760 

0. 0378 

39.0 

1032 

* 

1422G)  (Green) 

Polysulfide  Sealant 

1 

0.514 

0. 0600 

0. 0308 

36.9 

1198 

16.2 

(Products  Research 

2 

0.  501 

9. 0820 

0.0410 

46.5 

1134 

20.0 

1431G)  (Tan) 

* Broke  Inside  doubler. 

. , . 
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5. 2 WATER  PERMEABILITY 


A method  slmUar  to  ASTM  D1653-62  was  used  to  determine  water  permeability  of  three 
sealants  and  one  paint  film.  Water  permeabUlty  Is  defined  as: 


(Water  transmission  per  24  hr,  milligrams)  (Thickness,  mm) 

(Area*  sq.  cm.) 


The  results  are  listed  In  Table  11;  weight  gain  curves  are  shown  In  Figure  4. 


Water  permeability  of  the  sealants  tested  was  all  of  the  same  order  of  magnitude. 
Specific  permeability  of  the  paint  film  Is  about  20  times  superior  to  the  sealants, 
Indicating  Its  value  as  a topcoat  for  sealants. 


Since  most  protection  systems  tested  Included  the  paint  film  topcoat*  there  Is  little 
comparative  data*  but  permeability  of  the  paint  fUm  (0. 086)  was  adequate  to  provide 
good  protection  for  all  systems.  Yellow  residues  noted  on  some  specimens  Indicated 
sufficient  permeabUlty  of  the  sealant  to  permit  migration  of  the  chromate  Lhlbltor. 


Unpalnted  graphltc/epoxy-titanlum  Specimens  57  and  59  showed  no  decrease  In  strength 
due  to  environmental  tests*  but  did  show  some  visual  corrosion  at  CRES  fasteners. 
Since  this  corrosion  was  not  present  on  coated  Specimens  53  and  55*  the  paint  showed 
good  moisture  resistance. 


Table  11.  Water  PermeabUlty  Results 

Material  Tested  Specific  PermeabUlty* 


Polysulfide  Sealant 

Coast  Proseal  899B 


Polysulfide  Sealant 

Products  Research  1422G 


Polysulfide  Sealant 

Products  Research  143 IG 


Paint  FUm 

Epoxy  Primer  (Mll"’P”23377C) 
Polyurethane  Topcoat  (DeSoto  821-T209) 


0.086 


* Milligrams  of  water  transmitted  per  day  throu^  one  square 
centimeter  of  a film  one  millimeter  thick  at  room  temperature 
when  the  relative  humidity  *.s  0%  on  one  side  and  100%  on  the 
other. 
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5. 3 ELECTRICAL  RESISTANCE 


O Hi  

. If  the  decree  of  electrical  Insulation  of  the  panel 
Measurements  were  made  to  bearing  on  the  degree  of  corrosion 

ends  from  each  other  and  ^<^”^2.TiTZ^oresi.^ce  were  made  for  each  specunen 
protection.  Thirteen  ^shown  In  Figure  5.  The  first  measure- 

before  and  after  each  phase  of  the  ^terlal  panel.  The  next  six 

xnent  Is  between  the  test  the  fasteners  and  the  next  six  between 

are  between  the  test  material  panel  Contact  with  the  fastener  was 

the  fixture  material  panel  chloride  solution.  Cracks  In  the  coatings  at 

made  throu^  ^^^^^.^lUytflrenced  the  resistance  values.  Resistance  values  for  ea 

rJCT- "• 

Ideally,  there  should  be  go^  cofretattor  exls^T.' Is  due  prl- 

corroslon  resistance.  In  the  f so  adequate  that  the  corrosive  en- 


Figure  5.  Electrical  Resistance  Test  Set-Up 
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Resistance  Path 


From  Qrsphlte/Epoxy 
To  Fastener  No.  1 


Ftom  Graphlte/Epoxy 
To  Fastener  No.  2 


From  Graphlte/Epoxy 
,To  Fastener  No.  3 


From  Graphlte/Epoxy 
To  Fastener  No.  4 


From  Graphlte/Epoxy 
To  Fastener  No,  S 


From  Graphlte/Epoxy 
To  Fastener  No.  6 


From  Aluminum/ 
Titanium  To 
Fastener  No.  1 


From  Aluminum/ 
Titanium  To 
Fastener  No.  2 


From  Aluminum/ 
Titanium  To 
Futeoer  No,  3 


From  Aluminum/ 
Titanium  To 
Fastener  No,  4 


From  Aluminum/ 
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system. 

^ollatlm  salt  spray  exposure  Is  sbowu  la  Figure  . 

Eleetrloal  resistance  data  from  jessed,  although 

- - - - “ 

resistance  corrosion  products. 

franriH  to  «dst  bctweeu  clectTlcal  resistance  (from  test 
Although  lltde  correlation  ^as  deterioration,  there  was  good  agree- 

panel  to  fixture  panel  materials)  an  J fasteners  and  electrical  resistance 

ment  between  visual  corrosion  ^ Specimens  3,  9,  33,  and 

between  that  fastener  and  toe  ^el  red  rust  corrosion  after  the 

73  in  Tables  12  and  13.  Panels  ,,  these  fasten^s  before  toe  test, 

exfoliation  test.  Low  ^esUtan^  electrical  resistance 

but  It  was  appreciably  lower  after  the  test,  un  m 
could  not  be  used  as  a predictive  test. 
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SECTION  6 

SPECIMEN  EVALUATION 


6.1  VISUAL  OBSERVATIONS 

After  a one-^eek  exposure  to  the  humidity  test,  each  specimen  was  examined  visually. 
No  corrosion  was  noted.  The  only  visual  attack  noted  was  blistering  on  some  specimens 

A few  blisters  were  noted  on  Specimens  3,  5,  lb,  17  , 25  , 73  , 75,  and  77.  Recovery 
occurred  and  the  effect  was  Insignificant.  Blistering  and  adhesion  loss  were  also  noted 
on  Specimens  9 and  21,  but  this  was  due  to  the  copper /nickel  plating.  Hie  titanium  fix- 
ture panels  on  Specimens  55,  63,  and  71  had  significant  blistering,  but  recovery  occur- 
red. Apparently,  solvent  cleaning  of  titanium  Is  not  adequate  for  optimum  performance 
of  the  coating  system. 


Table  13  presents  visual  observations  after  the  cyclic  tension  fatigue  test,  after  two 
weeks  of  exfoliation  salt  spray,  and  after  four  weeks  of  exfoliation  salt  spray. 

6. 2 JOINT  STRENGTH  DEGRADATION 

The  Joint  strength  of  each  control  specimen  and  each  corrosion  specimen  was  deter- 
mined at  -65  F.  The  change  In  strength  of  the  corrosion  specimen  was  calculated 
and  the  faUure  mode  of  each  specimen  was  noted.  This  Information  Is  presented  In 
Table  13. 

An  examination  of  Table  13  reveals  that  the  change  In  strength  of  the  Joint  specimens 
was  quite  low  In  most  cases,  and  no  change  In  strength  could  be  attributed  to  corrosion. 
The  nature  of  fatigue  testing  accounts  for  some  of  the  variability.  In  many  cases  of 
significant  strength  changes,  the  failure  modes  were  such  that  these  changes  could  be 
attributed  to  the  mode  Itself.  On  Specimens  11  and  12,  for  example,  the  hard  anodized 
spacer  adhered  to  the  graphite/ epoxy  so  that  the  fasteners  broke  In  a shear  mode.  This 
was  not  the  case  In  the  corrosion  ^eclmen.  However,  this  did  not  happen  because  of 
corrosive  degradation  of  the  Joint. 


Some  of  the  adhesive-bonded  specimens  had  relatively  larg^  strength  chaises.  A re- 
view, however.  Indicated  an  absence  of  corrosion,  and  in  several  cases,  the  nature 
of  the  bond  break  e}q;dalned  the  results  obtained. 


One  shortcoming  of  this  test  program  was  the  lack  of  duplicate  test  specimens, 
strength  data,  therefore,  must  be  correlated  with  visual  observations. 
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6. 3 DISCUSSION  OF  RESULTS 


An  examluation  of  the  results  In  Table  1?  reveals  that  corrosion  of  the  graphite/^xy 
lolnt  specimens  was  no  worse  than  the  aluminum-aluminum  control  specimens.  The 
control  spootmons  thomselvoB  hid  .nrprlstn^y  Itttte  oorroolon.  For  example,  corro- 
sion v/as  noted  at  only  two  faatenorc  on  Specimen  73  (aluminum  control  with  aluminum 
fasteners*  see  Figures  7 and  8)e 


The  materials  and  optimum  processing  procedure  used  obviously  contributed  to  these 
results.  Coating  of  the  detail  panels  and  fasteners  was  performed  under  laboratory 
conditions  and  does  not  reflect  possible  production  deficiencies. 


Soeclmens  9 and  21  show  that  corrosion  can  occur  with  serious  results  (Flgimes  9 

mrspcclm.ua  had  the  coppcr/nlckel  plating  that  tailed  ,u  adheatau.  On 
9.  one  Of  the  aluminum  tastsnera  luul  the  head  con^detely  corroded  away, 
mre  ta  obviously  a potenttal  for  problems  with  these  Joints,  but  with  proper  protec- 
tlon  corrosion  can  be  controlled. 

No  corrosion  was  noted  on  any  specimen  that  did  not  have  a crack  a^^tte  tanker. 

One  of  the  major  problems  with  this  type  of  Joint  corrosion  test^  Is  to  obtain  real- 
Istlc  fastener  tellure  before  corrosive  environment  eiqwsore.  Even  though  there  sped 
mens  were  carefaUy  designed,  assembled,  and  tattgue  tested,  cracking  occurred  only 

on  a fraction  of  the  fasteners. 

Table  13  documenta  the  observed  cracka.  Figure  XI  shows  Spedmen  61  after  cyclic 

..m-l-  i-vdiug  Crocks  occurred  only  around  some  of  the  tastenere.  In  some  sprelmens. 

no  craoWng  at  all  was  noted.  Most  of  the  apedmens  with  no  cracking  were  resembled 
using  a protection  system  consisting  of  a polysulfide  laying  surface  sealant  b^een  the 
two  panels.  As  shown  by  the  Joint  strength  data,  the  sealant  contributed  significantly 
to  thVjolnt  strength  of  Specimens  5 and  6.  Sealant  Joints  were  apparently  much  more 
rigid  and  resistant  to  cracking. 

A /ellow  residue  was  found  on  many  of  the  specimens  that  had  the 

polysulfide  sealant  over  the  fasteners  (Figure  12).  This  was  also  noted  at  the  butt 

Joints. 

An  analysis  of  this  material  showed  that  It  consisted  essentially  of  sodium,  calcium. 

and  chromate.  This  was  also  found  to  be  In  the  sealant  material.  Nos^ntlum  was 

found.  BO  apparently  It  Is  due  to  the  sealant  only.  It  effectively  Inhibited  corrosion 
where  present. 


Figure  7.  Specimen  73  after  Cyclic  Tension  Loading,  One  Week 

of  Humidity,  and  Two  Weeks  of  Exfollatlcm  Salt  Spray  (2x) 


Specimen  73  after  Cyclic  Tension  Loading,  One  Week 
of  Humldltj',  and  Four  Weeks  of  Exfoliation  Salt  Spray  (2x) 


Figure  9.  Specimen  9 after  Cyclic  Tension  Loading,  One  Week  of 

Humidity  and  Two  Weeks  of  Exfoliation  Salt  Spray  Show'ng 
Plating  Failure  and  Corroded  Aluminum  Fastener  (2x) 


Specimen  3 after  Cyclic  Tension  Loading,  One  Week  of  Humidity, 
Weeks  of  Exfoliation  Salt  l^ay  Exposure  Showing  Sodium 


Figure  12 


nnd  Two 

and  Calcium  Chromate  Deposits  Around  Fasteners  (2  x) 


In  general,  the  results  show  that  corrosion  was  significant  only  in  a few  special  cases. 
It  appears  that  corrosion  protection  of  graphite /epoxy  attached  to  aluminum  can  be 
accomplished  using  conventional  techniques. 

The  graphite/epoxy-titanium  joint  specimens  showed  no  corrosion  where  titanium 
fasteners  were  used.  However,  the  CRES  (A286)  fasteners  were  attacked  unless  pro- 
tected with  sealants  and  coatings.  Even  then,  some  red  rust  corrosion  was  noted  at 
cracks.  An  examL'iation  of  the  CRES  fasteners  showed  no  structural  attack,  but  they 
did  cause  extensive  red  rust  staining  of  the  specimen  (Figure  13). 

The  only  corrosion  on  an  adhesive-bonded  specimen  is  shown  in  Figure  14.  The  back 
side  was  attacked  at  one  corner  of  the  interface.  This  corrosion  extended  into  the 
interface.  An  area  0. 5 by  0. 25  inch  was  affected.  No  significant  loss  in  joint  strength 
was  noted.  However,  this  again  demonstrates  the  potential  problem  with  graphite/ 
epoxj'-metal  Interfaces  and  points  out  the  need  for  an  adequate  corrosion  protection 
system.  This  specimen  had  only  a coating  for  protection.  It  appears  that  more  than 
an  organic  coating  is  necessary  for  reliable  protection. 


Figure  13.  Specimen  57  after  Cyclic  Tension  Loading,  One  Week  of 
Humidity,  and  Four  Weeks  of  Exfoliation  Salt  Spray 
Showing  Red  Rust  Corrosion  on  CRES  Fasteners 
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SECTION  7 

CONCLUSIONS  AND  RECOI4MENDATIONS 


7.1  CONCLUSIONS 

The  Joint  strength  of  specimens  lepresentli^  graphlte/epoxy-alumlnum  and  graphite/ 
epoxy-tltanlum  joints  was  not  degraded  by  ejqposure  to  a corrosive  environment.  All 
specimens  had,  as  a minimum,  a conventional  corrosion  protection  system  consisting 
only  of  organic  coatings  and  sealants. 

Adhesive-bonded  graphlte/epoxy-alumlnum  Joints  are  susceptable  to  corrosive  attack, 
and  organic  coatings  are  not  adequate  for  reliable  corrosion  protectl(m. 

Significant  red  rust  corrosion  occurs  when  CRES  A286  fasteners  are  used  In  graphite/ 
epoxy-tltanlum  Joints. 

Discrimination  between  sophisticated  corrosion  protection  systems  requires  long-term 
e]qx>sure  when  environments  such  as  humidity  and  exfoliation  salt  spray  are  used. 

Visible  corrosion  at  fasteners  correlated  well  with  electrical  resistance  measurements. 

The  water  permeability  tests  and  the  mechanical  properties  tests  of  the  finishes  and 
sealants  used  In  this  program  clearly  show  the  advantages  of  polyurethane  finishes  for 
water  repulsion  and  polysulfide  sealants  for  elongation  at  -65*  F. 

7.2  RECOMMENDATIONS 

Simple  component  structures  should  be  tested  under  dynamic  conditions  of  stress, 
temperature,  and  corrosive  environment  to  verify  the  results  of  this  program. 

Element  test  panels  representing  the  systems  tested  In  this  program  should  be  repeated 
with  the  test  tiTn^  Increased  so  that  a better  comparison  can  be  made  of  the  more 
sophisticated  protection  systems. 
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